Recovery of particulate matter (PM) and PM-associated chemicals (metals, nutrients, organics) deposited in urban drainage (stormwater and/or wastewater) conveyance and treatment systems is reality; often ignored until loss of hydraulic functionality, treatment mis-behavior or system failure requires recovery. Sustainability practices (recovery of PM and chemicals), such as street sweeping (SS), can provide significant economy for PM and PM-associated chemicals such as total phosphorus (TP) and total nitrogen (TN) loads compared to unit operations (nominally, best management practices (BMPs)), before such loads become part of the urban water cycle. Any resulting recovery has potential to significantly reduce PM and chemical loads to the urban drainage cycle and would otherwise directly impact conveyance, treatment and receiving water systems. The primary study objective is to demonstrate that sustainability, through quantified maintenance practices, is economically beneficial based on cost-per-load-recovered. A second objective is examination of maintenance intervals that accounted for PM build-up, washoff and recovery functions for SS, catch basins and BMPs. The methodology of this study was physical sampling from 14 municipal separate storm sewer systems in Florida; over 400 samples of PM (~ 2 kg each) were recovered. Since PM was the vehicle for recovery of TP and TN, these analytes were quantified through laboratory analysis for each sample. Results from across Florida indicate that when SS was used as a serial control strategy in a source area providing runoff to a BMP, an SS interval from 3-15 days with a 6-12-month BMP cleaning interval provided the lowest recovery costs. Nominally, SS-load recovery costs were $0.10/kg (PM), $250/kg (TP), $200/kg (TN) at a 7-day SS interval, compared to $8-12/kg (PM), $21,000-33,000/kg (TP) and $9,000-13,000/kg (TN) at a 6-month cleaning interval for BMPs. For any level of recovery or SS efficiency, results indicate that SS manages constituents before transport and partitioning in runoff, which is much more economical than BMP treatment. Extension of these results leads to the recommendation that when combined with BMPs, SS as an upstream control strategy for BMPs improves serial recovery of PM, TP and TN loads for BMP designed to provide volumetric and flow control. Results of this study represent a defensible and quantifiable foundation to build pollutant-load-reduction credits and quantify load-recovery economics.
INTRODUCTION
For the ecological health of receiving waters, phosphorus (P) and nitrogen (N) are limiting for eutrophication [1] . Eutrophication has been recognized as a common condition for many receiving water systems impacted by urban runoff due to anthropogenic and biogenic generation and mobilization of N and P at elevated concentrations and loadings [2] - [6] . Urban runoff is recognized as significant nonpoint source of N and P as well as inorganic and organic PM [7] , [8] . With demographic changes, land use and anthropogenic activities, runoff impacts are increasing [9] . For example, a number of decades ago Smith et al. [10] demonstrated that 48% of 410 water chemistry monitoring sites did not meet a widelyaccepted USEPA level of 0.10 mg/L at that time, as total P (TP). An impact of eutrophication and PM delivery is oxygen depletion (anoxic or anaerobic conditions) in urban drainage appurtenances such as catch basins (CBs), unmaintained best management practices (BMPs) such as wet vaults or hydrodynamic separators, or BMPs with wet sumps and ultimately in receiving waters. This is particularly problematic for BMPs that are not maintained and cleaned on a frequent basis (in terms of months). Such impairments impact aesthetics, ecology and water use designations [11] . Eutrophication imposes a high economic, environmental, ecological, and human health cost [12] .
Loads of nutrients, metals, pathogens and PM are generated and transported through the combination of anthropogenic activities, biogenic sources and the altered rainfall-runoff relationships generated from urban infrastructure imposed on the hydrologic cycle. For example, specific urban land use designs such as grassed and vegetated areas with runon to impervious pavement are identified as significant sources of biogenic P [6] . Anthropogenic sources of P besides fertilizer include P-based admixtures, for example phosphogypsum in concrete, released from the pavement during abrasion and weathering [13] , and irrigation with reclaimed wastewater. N and P are introduced to the aquatic environment in different chemical forms, but nominally partition between aqueous and PM phases [14] . In addition to a simple two-component partitioning between dissolved and particulate phases, N and P partition to and distribute across PM sizes transported in runoff [15] . Knowledge of PMbased N and P loads is needed to evaluate source control, fate, treatment mechanisms and municipal separate storm sewer system (MS4) maintenance practices [14] .
While low impact development practices (LID) at the parcel or catchment-level often are increasingly used for urban land uses providing hydrologic restoration and therefore load reduction, structural unit operations (BMPs are unit operations and processes) such as wet and dry basins, vaults, or manufactured systems such as hydrodynamic separators continue to be most commonly applied. Without frequent maintenance viable performance of such units for nutrient reduction is not sustainable. Even with frequent maintenance for many of these unit operations, the control of dissolved and suspended N and P has been much less effective compared to separation of coarser sediment-size (> 75 m) PM-bound N and P through sedimentation mechanisms and physical filtration for the finer settleable/suspended fractions (< 75 m) [16] , [17] . During inter-event storage of PM, gross solids, and runoff in stormwater appurtenances and BMPs, coupled redox and pH changes occur. The speciation, partitioning and distribution of P are relatively stable as compared to N. Approximately onethird of P in source area runoff is dissolved and PM-based P typically ranges from 0.01 to 10 mg/g with the highest concentration values for suspended and lowest for coarse sediment PM, noting that the predominance of the runoff PM mass is sediment-size or coarser and therefore so are TP and TN loads.. Source area N is approximately 40% dissolved and can be biologically-mediated under anaerobic redox conditions. The highest PM-based values are associated with suspended PM depending on the biogenic PM fraction [6] . One of the major concerns with small footprint BMPs such as vaults, tanks and screened hydrodynamic separators is scour of PM and associated nutrients. Maintenance not only has the potential to provide load credits but irrespective of load credits will always benefit in the intended unit design or behavior. For this study of 14 MS4s across Florida that included collection and analysis of over 400 samples there are two study objectives. The first is to demonstrate the economy of maintenance practices based on cost per load recovered. The second objective is examination of maintenance intervals that accounted for PM build-up, washoff and recovery functions for street sweeping (SS), CB and BMPs.
BACKGROUND
In the United States of America (USA), Total Maximum Daily Loads (TMDL) and their associated allocations often are based on watershed-scale estimations or modeling evaluations of constituent loads, for example, N, P and PM. Providing an accurate and precise assessment of an anticipated load reduction from stormwater program activities and BMPs is a formidable task for any municipal separate storm sewer system (MS4). Because of the financial ramifications of meeting TMDL load reduction allocations, tools are needed to provide more scientifically accurate estimates of loads and load reductions by BMPs or source control practices. Additionally, an MS4 consisting of drainage systems, drainage appurtenances and BMPs will "inventory" a significant load of constituents. Within an MS4 this load distribution begins with source areas such as pavement and ends at the point of discharge to the receiving system.
Conceptually, a TMDL is easily understood. However, quantification of current stormwater loadings from an MS4 requires knowledge of the individual hydrologic functional units (HFU) that make up an MS4 system or a watershed. Individual HFUs in an MS4 include for example, a contiguous unit area of pavement that drains to the same catch basin or BMP within a given land use, a single catch basin or a relatively hydrologicallyhomogeneous landscaped area. Such HFUs are examples of the basic building blocks of an MS4 system or an urban watershed. These are a few HFU examples of the building blocks in an MS4 serving as pollutant sources and sinks and can represent components of an urban hydrologic model for pollutant load build-up/wash-off or transport/fate. In an MS4 or urban watershed these three HFUs illustrated are commonly interconnected hydrologically and hydraulically. For example, paved or landscaped source areas drain to catch basins which are hydraulically connected to BMPs. Such information provides important potential sources of constituent loading, beginning with traffic deposition and runon for impervious pavement, drainage appurtenances such as catch basins, and BMPs. While each HFU is a potential sink for constituents, each HFU is a potential source if not maintained. While on an individual HFU-basis the loads are small compared to a watershed-scale load, the number of these HFU of a specific type is very large for an MS4.
As a result, most MS4s have potentially significant and non-stationary load inventories within these HFUs that require quantification and management (maintenance, cleaning, and recovery). The recovery of these materials is rarely (if ever) defensibly quantified to illustrate the potential load reduction that may be carried out expeditiously by an MS4 through maintenance practices. It is noted that at a larger scale nearly all TMDLs are based on calculation and not load measurement. Furthermore, in the absence of such load management, these HFU load sinks become potential acute and chronic constituent load sources in which constituents otherwise associated with a less mobile particulate phase are leached, becoming mobile soluble pollutant loads that most downstream BMPs are incapable of treating and retaining to a significant extent. While the focus of this paper is nutrients and PM, toxics, pathogens and ubiquitous chemical classes such as endocrine disruptors and biocides also require similar management and maintenance strategies.
The authors are not aware of previous studies, whether nationally, regionally or MS4 specific, that have focused on an examination of nutrients associated with PM that accumulate on urban surfaces (pavement) and is recovered by street cleaning, in drainage systems and appurtenances and in BMPs which are effective in separating coarse PM and associated nutrients. This study provided Florida-based information and guidance beyond analogs to the site or specific conditions of the land use or BMP. To date there have been no Florida previous studies that could be identified by the authors that provide a tool, metric or yardstick to relate PM mass recovered by typical MS4 maintenance practices, to nutrient mass. In this study, the metrics were based on data collection across the state of Florida in the USA. This project generated results for Florida MS4s that is currently not available and is needed since MS4s are faced with quantifying load reductions in MS4 permits and Basin Management Action Plans (BMAP) to achieve TMDLs. In addition to a consistent sampling/analysis methodology the statistical (or probabilistic) analysis of results from Florida MS4 studies is the key component to any potential quantitative analysis of nutrient load reductions resulting from MS4 management/maintenance practices. However, the methods must be robust, representative and defensible. In order to obtain representative values of nutrient loading or reduction in this tabular loading framework (for example, P loadings in street sweepings from residential land use pavements) it is necessary for an MS4 to collect replicate samples. For example, samples obtained by the Florida MS4s in a particular category (for example, TP loading in street sweepings from residential land use pavements) were in sufficient number so that statistics such as the mean, median, standard deviation, quartiles and range levels such as a 95th or 5th percentile level can be provided. The metric for these results is a non-parametric form (without relying on analysis based on a probabilistic distribution) as "box and whisker" plots or in many cases probabilistic distributions.
Based on previous results for recovery of urban residuals from BMPs and recovered urban PM inventories [18] , results demonstrated relationships between dry mass of recovered PM and metal mass (Cd, Cu, Pb, Zn). In this study, PM mass is utilized as an economical index instead of the more appropriate (but less economical) granulometry measure of PM surface area. From these previous results, this study quantifies the relationship between dry mass of residuals and nutrients [13] , [14] , [17] .
From analysis of these MS4 sets of Florida-based data an MS4 can convert dry mass of residual PM recovered to mass of nutrients recovered. As a result of the study, a Floridabased metric developed from this study allows an MS4 to quantify N and P mass recovered from dry PM mass recovered without requiring N and P analysis for each maintenance operation undertaken by a MS4. Recognizing that the relationships between dried PM mass that is recovered to N or P mass has a distribution range there is a range of levels that load credits can be apportioned, for example at a quartile such as the 25th, 50th (median and in many cases the representative statistic or the resulting distributions), 75th, or at another chosen level.
METHODOLOGY
The nutrient and PM transport path in urban drainage in a common urban HFU configuration is from source areas (in this study, pavement) to drainage appurtenance (in this study, catch basins), to drainage conveyance system, to a BMP (representative of the BMP commonly deployed and maintained by an MS4 in this study), with discharge to the stormwater system or receiving water. For perspective, Fig. 1 illustrates the MS4s and roadway network around Florida. Potential recipients of nutrient loadings from the HFUs are both fresh and saltwater receiving waters down-gradient of stormwater system discharges. In Florida many primary receiving waters are proximate to the MS4s of this study. Hence, providing load credits for regular maintenance and cleaning practices has a positive impact on HFU performance and beneficial impacts to receiving waters.
Many MS4s in this study are in areas with more than 30% imperviousness. Highly impervious areas generate increased runoff (altered rainfall-runoff relationships), PM, metals, nutrients and emerging chemicals ultimately resulting in the potential for such urban inventory to generate higher loads to receiving waters. While urban generation and transport of load is not solely or linearly a function of imperviousness, imperviousness is an index that can be tied directly to hydrologic and hydraulic modification as well as anthropogenic activities and design, resulting in increased loads. Hydrologic alterations drive load through altered characteristics of the hydrograph. Increased imperviousness has a demonstrable impact on the three primary attributes of a hydrograph: peak, volume and temporal attenuation. The 14 MS4s are listed in Table 1 with resulting TP and TN results and Fig. 1 illustrates the distribution of the MS4s across Florida. Each MS4 collected 27 PM-based samples that were pooled in a Florida-based analysis. Samples were collected from 3 different HFUs within 3 different land uses; highway (H), commercial (C) and residential (R). HFUs include street sweeping, catch basins and BMPs. The BMPs that each MS4 maintain most frequently were included in the sampling by an MS4. For each HFU in a land use, samples were collected from 3 different locations. Each MS4 was responsible for cleaning and providing all the sampling equipment. The street sweepers required cleaning with potable water prior to sweeping the sampling area. Detailed information for each location was provided in the field information submitted by the MS4s for each sample collected. After collection, the samples were stored on ice until receipt at University of Florida in GNV. All wet or moist samples were immediately refrigerated. All laboratory analyses were conducted by the University of Florida laboratories. Sub-samples were generated from each sample and analyzed for PM, TP and TN.
RESULTS
For each of eleven (11) MS4s, samples were obtained under conditions where there was no known reclaimed wastewater impacting the hydrologic functional unit (HFU) and land use locations of the samples. For the 11 MS4s twenty seven (27) samples from three hydrologic functional units (HFU) were obtained. HFUs consisted of a planned variety of best management practices (BMPs) most frequently maintained by the MS4, paved area street sweepings (SS), and catch basins (CBs). HFUs were sampled for three land uses: highway (H), commercial (C) and residential (R). For each sampling matrix category, three independent locations were utilized.
Results from this effort is categorized in terms of HFU and land use for nitrogen (N, as TN), phosphorus (P, as TP) and PM. This study was designed to create a Florida-based metric for TN and TP. This study was not designed to compare and contrast results for individual MS4s or between classes of BMPs. Germaine to this study, it is noted that the results presented are a function of many variables, and while BMP vendors promote differences between BMPs the reality is that such treatment and cost differences are rarely if ever statistically or practically significant given a lack of BMP maintenance, the variability of actual hydrologic loadings, and the benefits of urban maintenance practices. While the Florida-based results indicate differences between HFUs and between land uses, results consistently indicates that the metrics of TN and TP are log-normally distributed. This observation is important for allocation of load credits because the results are not represented by a singular concentration (mg/kg) but by log-normal distributions thereof whether examined based on HFU categories or land use categories as lumped together for the entire state of Florida. While a number of statistical indices could be selected (mean, median, 25th, 75th quartiles) the consistent log-normality of results leads to the use of a median (50th percentile) concentration (mg/kg) from each distribution. It is recommended that the metric or yardstick by which dry mass equivalent of PM recovered is equated to TN and TP be based on the median value from the Florida-based distributions (either as a function of land use or with all land uses combined). Table 2 summarizes these Florida-based results as a function of HFU and land use outside MS4 areas loaded by reclaimed wastewater. These tabular results represent the mg of TN or TP per equivalent dry kg of PM and/or gross solids recovered by a maintenance practice, but cannot be construed as an index for BMP treatment effectiveness or "separation or removal efficiency". Based on the numerical value and associated units in the table, the dry kg of urban PM detritus recovered can be converted to mg of TN or TP recovered by a maintenance practice. These tabular data were also further aggregated into a single Florida-based metric for TP and separately for TN that was irrespective of both land use and HFU. All PM-based TN and TP results across Florida fit log-normal distributions. The lognormal distribution of the results indicates that the representative statistic is the median (the 50th percentile). Given the predominance of the lognormal distributions ( = 0.05), results are compared based on the median of the distributions. TP is predominately PM-bound [6] . TP results expressed in [mg of TP/kg of PM] for the 14 MS4s for all land uses and all HFU locations; as a median value across Florida was 374 mg of TP/kg of PM. N loads are commonly considered in terms of aqueous species either in rainfall or runoff. However urban source areas such as the HFUs of this study can generate total nitrogen (TN) in runoff that is also predominately PM-bound. Fig. 2 . A summary of the cost ($/lb) for BMP treatment as compared to maintenance practices are shown in Table 3 .
In Table 3 a BMP treatment train is the practice of passive wet basin sedimentation followed by passive sand filtration. separator (HS) with 50% PM annual removal efficiency based on clean sump conditions [19] . This result assumes no scour or washout from the screened hydrodynamic separator in order to compare to other separators. Accounting for scour and washout will result in costs higher than the median costs shown. Finally, the cost for catch basin recovery is based on 100 dry pounds of PM recovery per catch basin based on an annual cleaning frequency. An example is illustrated that uses, for simplicity, the Florida-based metrics that are independent of land use in the lower part of Table 2 . This example is based on recovery or separation/recovery of 1 lb of TP and 1 lb of TN. For street sweeping the median metrics from Figure 2 or the lower part of Table 2 Table 2 the associated TP and TN mass. In particular these values are 363.9 mg TP/kg of PM and 898.5 mg TN/kg of PM. By multiplying these values by the PM recovered in the BMP results yield 0.23 lb TP and 0.56 lb TN separated for 1 BMP in 1 year. In this example to recover 1.0 lb of TP and TN an MS4 would have to purchase and maintain 4.4 screened HS units and 1.8 screened HS units, respectively on an annual basis while assuming no scour and washout of PM. Separate from the above illustrative example the Florida-based BMPs and maintenance practice costs are summarized in Table 3 .
CONCLUSIONS
Maintenance matters. To demonstrate this statement, this study created a Florida-based set of metrics based on triplicate sampling as a function of land use (residential, commercial and highway) and the common urban hydrologic functional units (HFUs) that collect PM and detritus (pavements -street sweeping, catch basins and best management practices, BMPs) across 14 MS4s in Florida. Across Florida, 459 samples were collected and analyzed to create this set of Florida-based metrics to provide nutrient load credits for maintenance. For a given land use or HFU this Florida-based metric equates the equivalent dry load of particulate matter (PM) and urban detritus recovered by maintenance to the TN and TP load recovered from this PM and detritus. Recognizing the inherent variability of the results across 14 MS4s even as a function of HFU and land use, results were consistently represented by a log-normal distribution and as a result the median of the distribution was used in the set of Florida-based metrics. The essence of this study is summarized in Table 2 of Florida-based metrics that relate equivalent dry mass recovered to mass of TN and TP as a function of land use and HFU.
In summary, study results reinforces the knowledge that source controls or urban maintenance practices such as street sweeping can be a very cost effective tool in reducing stormwater constituent loads as compared to catchment-based structural BMPs. With respect to the costs of recovery for PM, TP or TN, Table 3 summarizes the costs of street sweeping as compared to other maintenance or treatment practices. Table 3 also compares maintenance practice costs to the costs of BMPs to separate and then recover PM, TP and TN. Results of this study as illustrated in the example given indicate that street sweeping (cleaning) practices using a variety of existing street sweeping technologies is significantly more economical than BMPs for PM, TP and TN. This example relates solid-phase (PM) separation and recovery for TP and TN for rainfall-runoff loadings given that BMP designs are primary runoff-based; where street sweeping recovers PM, TP and TN before interactions with urban drainage.
